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Co nuclear-quadrupole-resonance (NQR) measurements were performed on various bilayered
hydrate cobaltate Nax(H3O)zCoO2 · yH2O with different values of the superconducting and
magnetic-ordering temperatures, Tc and TM, respectively. From measurements of the temper-
ature and sample dependence of the NQR frequency, it was revealed that the NQR frequency
is changed by the change of the electric field gradient (EFG) along the c axis νzz rather than
the asymmetry of EFG within the ab-plane. In addition, it is considered that the change of
νzz is gaverned mainly by the trigonal distortion of the CoO2 block layers along the c axis,
from the relationships between νzz and the various physical parameters. We found the ten-
dency that samples with νzz larger than 4.2 MHz show magnetic ordering, whereas samples
with lower νzz show superconductivity. We measured the nuclear spin-lattice relaxation rate
1/T1 in these samples, and found that magnetic fluctuations depend on samples. The higher-
νzz sample has stronger magnetic fluctuations at Tc. From the relationship between νzz and
Tc or TM, we suggest that the NQR frequency can be regarded as a tuning parameter to de-
termine the ground state of the system, and develop the phase diagram using νzz. This phase
diagram shows that the highest-Tc sample is located at the point where TM is considered to
be zero, which suggests that the superconductivity is induced by quantum critical fluctuations.
We strongly advocate that the hydrate cobaltate superconductor presents an example of the
magnetic-fluctuation-mediated superconductivity argued in the heavy-fermion compounds. The
coexistence of superconductivity and magnetism observed in the sample with the highest νzz
is also discussed on the basis of the results of our experiments.
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1. Introduction
Since the superconductivity in the hydrate cobal-
tate Na0.3CoO2 · 1.3H2O was discovered,1 many studies
have been conducted from both experimental and the-
oretical points of view. Superconductivity on the two-
dimensional triangular lattice CoO2 layer is attractive,
because unconventional superconductivity in cuprate
and ruthenate is realized on the two-dimensional square
lattice. In the cobaltate compounds, the superconductiv-
ity emerges only when water molecules are sufficiently
intercalated between the CoO2 layers. This supercon-
ducting structure is called the bilayered hydrate (BLH)
structure, in which the double water layers sandwich a
Na layer and a water-Na block layer is formed.2 The
BLH compounds are unstable and the sample quality
is easily degraded under ambient conditions, since wa-
ter molecules easily evaporate into air.3 After the evap-
oration of some water, the BLH structure changes to a
single-layer structure, in which the water-Na block layer
is changed to a single water-Na layer.4 This is called
∗E-mail address: ihara@scphys.kyoto-u.ac.jp
†E-mail address: kishida@scphys.kyoto-u.ac.jp
monolayered hydrate (MLH) structure and it does not
show any superconductivity. It is considered that water
intercalation plays an important role in the occurrence
of the superconductivity.
Several roles of water intercalation have already been
pointed out. First, two-dimensionality is enhanced by wa-
ter intercalation. Since the c-axis lattice parameter in
the BLH compound is almost twice as long as that of
anhydrate NaxCoO2, the interlayer coupling observed in
the anhydrate compounds by neutron scattering mea-
surement5, 6 is suppressed by water intercalation.7 Sec-
ond, the random occupation of the Na+ ions is screened
by the double water layers. Indeed, a single Co nuclear
quadrupole resonance (NQR) peak is observed in the
BLH compound, whereas two peaks with a satellite struc-
ture are observed in the MLH compound. The NQR re-
sults indicate that the electric field gradient (EFG) at
the Co sites in the CoO2 layer is unique in the BLH
compound but the several Co sites with different EFG
are present in the MLH compound.8 Third, the com-
pression of the CoO2 block layers along the c axis is in-
duced by water intercalation.9 When the c-axis lattice
parameter is elongated by water intercalation, the cou-
1
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pling between the positive Na+ and the negative oxygen
O2− ions becomes weaker. Consequently, the oxygen ions
shift toward the positive Co ions, resulting in squeezing
of the CoO2 block layers. The neutron diffraction mea-
surements show that Tc increases with decreasing CoO2
layer thickness.10 Although water content is regarded as
an important factor in superconductivity, it is difficult to
control water content precisely due to the characteristics
of the soft chemical procedure.11 This is why there exists
a large sample dependence of superconductivity in this
system.
Another controversial point is the Fermi-surface (FS)
properties in the cobaltate compounds. The LDA band
calculation in NaCo2O4 carried out by Singh suggested
that the FSs of the compound consist of a large holelike
FS composed of an a1g-orbital around the Γ point and
six small hole pockets composed of e′g-orbitals around
the K points.12 However, angle-resolved photoemission
spectroscopy (ARPES) experiments performed by sev-
eral groups revealed a large a1g-FS and the absence of
the small hole pockets. They also found that the e′g bands
and the associated small pockets sink below the Fermi
energy,13–15 although the bands and the pockets are re-
ported to be raised by water intercalation.16 The topol-
ogy of the FSs in the hydrate and anhydrate cobaltate
is still uncertain at the moment, but is important for
developing the theoretical scenario for the occurrence of
the unconventional superconductivity.17–19 We point out
that the investigation of the magnetic fluctuations in an-
hydrate, MLH and BLH compounds will provide impor-
tant information about the FS in these compounds, be-
cause the magnetic fluctuations are induced by the nest-
ing of the FSs.
We have performed Co-NQR measurements on various
samples with different superconducting and magnetic-
ordering temperatures, Tc and TM, respectively, in or-
der to investigate the sample dependence of the mag-
netic fluctuations in the superconducting cobaltate and
to identify the key factors for the occurrence of the super-
conductivity. We found that the NQR frequency νQ and
the magnetic fluctuations strongly depend on the sam-
ple. After the investigation of the relationship between
the observed νQ and various physical parameters, it was
found that νQ is proportional to the c-axis lattice param-
eter and is related to Tc. In addition, the samples with
higher νQ show magnetic ordering. We consider that νQ
is one of the important physical quantities for determin-
ing the electronic state and develop a phase diagram of
the cobaltate superconductor using νQ. The phase dia-
gram we show here indicates that the highest-Tc sam-
ple is situated at the point where the magnetic-ordering
temperature becomes zero, which suggests that the su-
perconductivity on the BLH cobaltates is induced by the
quantum critical fluctuations.
2. Experiment
We used twelve samples that were synthesized as de-
scribed in the literature.4, 11 The crystalline parameters
and Na content x are precisely measured by X-ray diffrac-
tion and inductively coupled plasma atomic emission
spectroscopy (ICP-AES), respectively. The Co valence
v in several samples is measured by redox titration mea-
surements. The superconducting transition temperature
Tc is determined from the onset of the superconducting
diamagnetism. NQR spectra are obtained by recording
signal intensity with changing frequency. Various phys-
ical parameters are listed in Table I. From the redox-
titration measurements, it has already been pointed out
by several groups that the valance of Co v cannot be in-
terpreted with the chemical formula of NaxCoO2 ·yH2O,
since the Na content x is not equal to 4− v.23, 24 Taking
into account the presence of the oxonium ion, H3O
+,
it has become widely accepted that the chemical for-
mula is expressed as Nax(H3O)zCoO2 · yH2O.25 Here,
the oxonium content is determined to be z = 4− x − v.
Nuclear spin-lattice relaxation rate 1/T1 was measured
at the peak maximum of the NQR signal arising from
±5/2 ↔ ±7/2 transitions in each sample. The recovery
of the nuclear magnetization after saturation pulses can
be fitted by the theoretical curves in the whole temper-
ature range. To obtain reliable data and maintain the
sample quality during the measurements, all samples are
preserved in freezer or in liquid N2, and thus the su-
perconducting and magnetic transition temperatures and
NQR results in each sample are reproducible.
Table I. Na content, c-axis length, transition temperature, Co va-
lence and NQR frequency arising from the transition between
±5/2↔ ±7/2 .
No. Na content c (A˚) Tc (K) Co+v ν3 (MHz) ref.
1 0.348 19.684 4.7 — 12.30 8
2 0.339 19.720 4.6 — 12.30 20
3 0.348 19.569 2.8 — 12.07 9
4 0.35 19.603 4.6 — 12.32 9
5 0.331 19.751 < 1.5 3.42 12.54 9
6 0.351 19.714 4.6 3.37 12.45 21, 22
7 0.350 19.739 4.4 3.41 12.50
8 0.322 19.820 3.6 3.40 12.69
9 — — 3.6 — 12.22
10 0.380 19.588 2.6 3.49 12.10
11 0.368 19.614 3.5 3.47 12.18
12 0.346 19.691 4.8 3.48 12.39
3. Experimental Results
3.1 NQR spectrum
The nuclear Hamiltonian with the nuclear electric
quadrupole interaction is described as
HQ = νzz
6
[
3I2z − I2 +
η(I2+ + I
2
−)
2
]
,
where quadrupole frequency νzz is defined as
3e2qQ/2I(2I − 1) with the electric field gradient
(EFG) along the z axis eq = Vzz and the nuclear
quadrupole moment Q. The asymmetry parameter of
EFG η is expressed as (Vxx − Vyy)/Vzz with Vαα, which
is EFG along the α direction (α = x, y and z). The
nuclear spin of Co is I = 7/2, and three NQR peaks
are observed from ±1/2 ↔ ±3/2, ±3/2 ↔ ±5/2, and
±5/2 ↔ ±7/2 transitions. The typical NQR spectrum
in a superconducting cobaltate is shown in Fig. 1.
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Fig. 1. Co-NQR spectra at 1.5 K in sample No. 11. These peaks
originate from three transitions. From these peak frequencies, νQ
and η are evaluated to be 4.08 MHz and 0.20, respectively.
Because of the existence of an asymmetry of EFG in
the ab plane, the separation between two peaks is not
the same. Within the second-order perturbation against
the asymmetry parameter in the ab plane η, resonant
frequencies are described as
ν1 = νzz
(
1 +
109
30
η2
)
(for± 1/2↔ ±3/2),
ν2 = 2νzz
(
1− 17
30
η2
)
(for± 3/2↔ ±5/2),
ν3 = 3νzz
(
1− 1
10
η2
)
(for± 5/2↔ ±7/2).
Both νzz and η are obtained by solving the above equa-
tions. νzz is determined by several factors, such as the Co
valence, the hole density of the Co 3d orbitals and the
crystal structure, particularly the distance between O2−
and Cov+ ions.
In order to investigate the temperature dependence of
νzz and η, both ν2 and ν3 are measured up to 150 K
in sample No. 11. As seen in Fig. 2 (a), both ν2 and ν3
are nearly constant below 50 K, and shift toward a lower
frequency with increasing temperature. Temperature de-
pendences of νzz and η, which are derived from the tem-
perature variations of ν2 and ν3, are shown in Fig. 2 (b).
We found that the temperature dependence of νzz is sim-
ilar to that of the c-axis lattice parameter measured from
the neutron diffraction,10 and suggest that the tempera-
ture dependence of νzz is mainly determined by that of
the c-axis parameter.10 In contrast to the considerably
strong temperature dependence of νzz, η is independennt
of temperature and is estimated to be ∼ 0.2. Because η
originates from the anisotropy of EFG along x and y di-
rections, it should be noted that η is zero in a perfect
triangular lattice. The finite value of η suggests some
distortions are present in the x-y direction of the CoO2
layer. The possible origin of η will be discussed in §4.1.
Figure 3 shows the NQR spectra arising from the
±5/2 ↔ ±7/2 transition in various samples with dif-
ferent contents of H2O, Na
+ and H3O
+. The values of
νzz and η ≡ (νxx − νyy)/νzz are evaluated in these sam-
ples. The values of νzz and νxx − νyy(= η × νzz) are
plotted against ν3 in Fig. 4 (a). The value of νxx − νyy
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Fig. 2. (a) Temperature dependence of ν3 and ν2 measured on
sample No. 11. (b) Temperature dependences of νzz and η, which
were evaluated from ν2 and ν3 in (a).
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Fig. 3. Co-NQR spectra arising from the ±5/2 ↔ ±7/2 tran-
sitions in various samples measured at 4.2 K. In magnetically
ordered samples (No. 5 and No. 8), the spectra were measured
at 8 K above ordering temperatures. Tc and the full width at
half maximum in each sample are shown.
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Fig. 4. (a) νzz and νxx − νyy are plotted against ν3. (b) and (c)
Various physical parameters (Na content: x, Co valence: v, oxo-
nium content: z, and c-axis lattice parameter) are plotted against
νzz.
is nearly constant, in contrast to the linear relationship
between νzz and ν3. This indicates that the sample de-
pendence of NQR frequency ν3 in our various samples
originates mainly from νzz. Recently, Zheng et al. re-
ported that η exhibits strong sample dependence in sam-
ples with different Na contents (0.26 < x < 0.34).26 The
variation of the Na content in our samples is smaller
(0.322 < x < 0.38 ), although the Tc variation is larger
than that in their sample. It seems that νxx − νyy is
sensitive to the Na content.26 The νzz is plotted against
various physical parameters such as Na content x and
Co valence v (Fig. 4 (b)), and the oxonium ion content z
and the c-axis parameter (Fig. 4 (c)), where the oxonium
ion content z is estimated from z = 4 − x − v. Detailed
discussion on the electric field gradient will be given in
§4.1.
3.2 Nuclear spin-lattice relaxation rate
Figure 5 shows the temperature dependence of 1/T1T
in various BLH samples below 200 K, together with that
in the MLH sample which does not show superconduc-
tivity down to 1.5 K. The values of 1/T1T in all sam-
ples show similar temperature dependences down to 70
K. Below 70 K, 1/T1T shows a sample dependence. The
non-superconducting MLH sample shows the Korringa
behavior down to 1.5 K, which is indicative of the ab-
sence of temperature-dependent magnetic fluctuations,
whereas the values of 1/T1T in superconducting samples
(No. 1, 3 and 7) increase with decreasing temperature
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Fig. 5. Temperature dependence of 1/T1T in various samples.
The blue (red) arrows indicate Tc (TM). The values of 1/T1T at
Tc (or just above TM ) increase as the NQR frequency becomes
higher.
below 70 K down to Tc. Blue arrows in Fig. 5 indicate
Tc of these samples. In magnetic samples (No. 5 and 8),
1/T1T shows a prominent peak at TM, shown by red ar-
rows, below which an internal field appears at the Co
nuclear site. The ordered moment in sample No. 5 was
estimated to be on the order of 0.01 µB using the ob-
served internal field strength and the hyperfine coupling
constant at the Co nuclear site.9 It is noteworthy that the
temperature dependence of 1/T1T in the high-Tc sample
(No. 1) is the same as that in the magnetic samples in
the temperature range of 15 - 100 K. This suggests that
the high-Tc samples have similar magnetic fluctuations
as those in the samples with magnetic ordering.
In addition, the low-Tc sample (No. 3) shows a weak
enhancement of 1/T1T down to Tc, followed by the mod-
erate decrease of 1/T1T below Tc, although the full width
at half maximum (FWHM) of the NQR peak is the nar-
rowest within all the samples. These results suggest that
the origin of lower Tc is not the suppression of the su-
perconductivity by the inhomogeneity and/or random-
ness of the sample, but the weakness of the pairing in-
teraction. If Tc were suppressed by the inhomogeneity,
the FWHM of lower-Tc sample would be broader than
that of the higher-Tc sample. Taking these experimen-
tal results into account, we strongly advocate that the
magnetic fluctuations, which are close to magnetic insta-
bility, play an important role in the superconductivity
in BLH cobaltate. We also point out, on the basis of
the comparison between Fig. 3 and Fig. 5, that 1/T1T
below 70 K is enhanced more significantly as the NQR
frequency becomes higher, and that there is a relation-
ship between low-temperature magnetic fluctuations and
the NQR frequency. The detailed characteristics of the
magnetic fluctuations and the possible interpretation for
the relationship are discussed in §4.2 and §4.3.
We observed the coexistence of magnetic ordering and
superconductivity in sample No. 8, which has the highest
NQR frequency (ν3 = 12.69 MHz). The magnetic order-
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ing is identified by the prominent peak of 1/T1T , and
the occurrence of superconductivity is confirmed by the
superconducting diamagnetic signal. The coexistence ob-
served in sample No. 8 will also be discussed in §4.5.
4. Discussion
4.1 Analyses of EFG at Co site
As shown in Fig. 3, EFG at the Co site depends on the
sample. Here, we discuss the origin of the sample depen-
dence of EFG. In general, there are two sources of EFG.
One is the point charges on the lattice ions surrounding
the Co site, Vlat, and the other is the intrasite effect Vint
produced by the on-site Co-3d electrons. As shown in
Fig. 4 (c), it is obvious that there exits some relationship
between νzz and the c-axis lattice parameter. It has been
reported that the c-axis lattice parameter is increased
when the water molecules are inserted and/or the oxo-
nium ions with the larger ionic radius are replaced by
the Na ions.23, 27 In both cases, the block layer consist-
ing of Na/H3O and H2O elongates along the c axis and
pushes the CoO2 layer, so that the CoO2 block layers are
compressed in the samples with the longer c axis. It has
been pointed out that the thickness of the CoO2 block
layer in the BLH compounds with large y values is thin-
ner than that of the MLH compounds.28 According to
the point charge calculations, Vlat increased as the CoO2
block was compressed along the c axis. The relationship
between νzz and the c-axis lattice parameter is explained
consistently in this manner.
Next, we discuss the contributions from the on-site 3d
holes. For the cuprate superconductors, it was pointed
out that the NQR frequencies at the Cu and O sites are
determined by the on-site holes,29 and Zheng et al. esti-
mated the local hole content from the analyses of νQ in
those sites.30 We employ their analyses to cobaltate and
evaluate the hole number at Co-3d in the superconduct-
ing cobaltate.
When we take a1g and doublet e
′
g orbitals in the trig-
onal structure, we describe the wave function of Co-3d
orbitals, which consist of the linear combination of those
orbitals, as
ψ3d =
√
1− w2|a1g > + w√
2
|e′g+ > +
w√
2
|e′g− > .
Here, w2 is the occupation of the e′g orbitals. The EFG
Vα,β arising from the on-site holes is calculated as
Vα,β = e
∫
ψ∗3d
∂2
∂α∂β
(−1
r
)
ψ3d dτ (α, β = x, y and z).
Therefore, each component of ναα at the Co site is ex-
pressed as
να,α = n3dν3d,0g(w),
where n3d = na1g + ne′g is the hole number in the Co-3d
t2g orbitals and g(w) denotes the solutions of the secular
equation with respect to Vα,β . The largest value of the
solution of g(w) gives the value of νzz, and the smallest
one gives νyy. When there is one hole in the a1g orbital
(w = 0), ν3d,0 is expressed as
ν3d,0 =
1
14
e2 59Q
h
1
4πǫ
4
7
〈r−3〉3d,
and it is estimated that ν3d,0 = 20.4 MHz and η is zero.
Here, the average of r−3 for the 3d-orbitals is taken to
be 〈r−3〉3d= 6.7 a.u. and the reduction factor ξ = 0.8 is
adopted.31, 32
For simplicity, if we neglect Vlat related to the ions sur-
rounding the Co, and assume that the observed νQ is de-
termined solely by the on-site Co-3d hole, w2 = 0.25 and
n3d = 0.31 are derived from the experimental values of
η = 0.2 and νzz = 4.1 MHz. These values imply that the
ratio between na1g and ne′g is approximately 3 : 1, and the
valence of Co is +3.31, which is close to the directly mea-
sured v (v ∼ 3.45). We point out that the non-negligible
η is due not solely to the Na-ordering effect or the distor-
tion of the x-y plane, but also to the presence of holes in
the e′g orbitals, to some degree, because η is zero when no
hole exists in the e′g orbitals. In addition, if we proceed
with this analysis at the O site in the CoO2 layer, the hole
content at the O2p σ orbitals, which are coupled with the
Co-3d e′g orbitals, is evaluated to be n2p,σ ∼ 0.05. This
is estimated from the O-NMR value (νzz ∼ 0.168 MHz)
and ν2p,0 = −3.65 MHz with 〈r−3〉2p = 4.97 a.u., using
the relation n2p,σ = (1 + η/3)νzz/ν2p,0.
30
Although the estimated values of the hole content seem
to be reasonable, the dependence of νzz at the Co site
against the directly measured v is inconsistent with the
results expected from the analyses based on the on-site
holes in the CoO2 layer, because experimental results
show that νzz at the Co site increases with decreasing v.
If the dependence of νzz were determined by the change
in the hole content, νzz should decrease with decreasing
v. In order to understand the change in νzz at the Co site
with respect to v completely, the change in νzz at the O
site should be investigated, since the doped hole might
be introduced predominantly into the O-2p orbitals. Al-
ternatively, it is possible that the change in νzz at the
Co site can be qualitatively understood as the change
in Vlat, as discussed above. It seems that the value of
νzz is predominantly determined by the on-site hole con-
tribution, but the change in νzz is predominated by the
lattice contribution. We suggest that the observed νzz is
determined not solely by Vint, but by both Vlat and Vint.
4.2 Spin dynamics in cobaltate compounds
As shown in Fig. 5, 1/T1T in the BLH samples ex-
hibit a strong sample dependence below 70 K. In this
section, we discuss the characteristics of the magnetic
fluctuations in the BLH compounds. First, the behavior
of 1/T1T in sample No. 1 (Tc = 4.7 K) is compared with
that in the samples with Tc ∼ 4.6 K reported by other
groups,33–35 as shown in Fig. 6. It is obvious that 1/T1T
in all samples with Tc ∼ 4.6 K reported so far shows iden-
tical behavior in the normal state, indicating that the
temperature dependence of 1/T1T in the normal state is
intrinsic in the superconducting samples. The possibility
that the enhancement of 1/T1T in a low-temperature re-
gion between 70 K and Tc is due to magnetic fluctuations
caused by impurity moments is ruled out, since the con-
tent of impurity moments would differ among samples.
In the superconducting state, it is clear that 1/T1 does
not have a coherence peak just below Tc, and shows the
T 3 dependence (1/T1T ∼ T 2) down to 1 K. This strongly
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Fig. 6. Temperature dependence of 1/T1T in superconducting
samples with Tc ∼ 4.6 K reported so far. Temperature depen-
dence of 1/T1T in our sample No. 1 (Tc = 4.7 K) is compared
with that in the superconducting samples with Tc ∼ 4.6 K re-
ported by other groups.33–35
suggests that the superconducting gap has line nodes, re-
sulting in the unconventional superconductivity realized
in BLH cobaltate.8, 35
Next, we compare 1/T1T in the superconducting BLH
sample (No. 1) with 1/T1T in the non-superconducting
MLH sample8 and anhydrate Na0.35CoO2.
33 Figure 7
shows 1/T1T in these samples. 1/T1T in the MLH sam-
ple is almost the same as that in the anhydrate sam-
ple, both of which show the Korringa behavior in the
low-temperature region. In contrast, 1/T1T in the su-
perconducting BLH compound is enhanced below 70 K
down to Tc, although 1/T1T above 100 K is nearly the
same as that in the other two samples. The results of the
comparison of the BLH compound with the MLH and
anhydrate compounds suggest that the low-temperature
enhancement of 1/T1T plays an important role in the
occurrence of the superconductivity. In the temperature
region greater than 100 K, 1/T1T in all samples in-
creases as temperature increases, which is reminiscent
of the spin-gap behavior in cuprate superconductors. It
is considered that the spin-gap behavior of 1/T1T in
the high-temperature region is related to the pseudogap
revealed by the photoemission experiment.15 A similar
spin-gap behavior was reported in anhydrate NaxCoO2
with x ≤ 0.7.36, 37 The spin-gap behavior followed by the
T1T = const. relation in the MLH and anhydrate samples
in Fig. 7 is consistently reproduced by(
1
T1T
)
MLH
= 8.75 + 15 exp
(
−∆
T
)
(sec
−1
K−1)
with ∆ = 250 K. The value of ∆ is in good agreement
with the pseudogap of an energy scale of ∼ 20 meV re-
vealed by the photoemission measurement.15 It seems
that the spin-gap behavior is a common feature in cobal-
tate compounds and is unrelated to superconductivity.
Rather, we suggest that the low-temperature enhance-
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Fig. 7. Temperature dependence of 1/T1T in superconducting bi-
layered hydrate (BLH) sample (No. 1) and monolayered hydrate
(MLH) and anhydrate cobaltates Na0.35CoO2. The experimental
data of the anhydrate cobaltate is taken from Ning and Imai.33
The dashed line is the fitted curve of 1/T1T in the MLH and
anhydrate compounds (see text).
ment of 1/T1T is strongly related to superconductivity.
The properties of the low-temperature spin dynamics are
discussed quantitatively.
In order to characterize magnetic fluctuations in the
BLH compounds, we first analyze the temperature de-
pendence of 1/T1T in the ordered samples. Figure 8
shows the temperature dependence of 1/T1T in sample
No. 8, which has the highest NQR frequency and shows
magnetic ordering at TM ∼ 6 K. In the figure, 1/T1T
in the MLH compound is also shown. A prominent di-
vergence of 1/T1T is observed at TM ∼ 6 K in sample
No. 8. We fitted the temperature dependence of 1/T1T
above TM with various functions, and found that a fairly
good fit can be obtained by a function consisting of two
contributions expressed as(
1
T1T
)
No.8
=
(
1
T1T
)
MLH
+
20√
T − 6 (sec
−1
K−1).
The first term on the right-hand side is the contri-
bution from the spin dynamics observed in the MLH
and anhydrate compounds, and the second term is the
magnetic contribution, which gives rise to the mag-
netic ordering. It should be noted that the relation of
1/T1T ∝ 1/
√
T − TM is the temperature dependence
anticipated in the three-dimensional (3-D) itinerant an-
tiferromagnet in the framework of the self-consistently
renormalized (SCR) theory.38 It seems that the relation
of 1/T1T ∝ 1/(T − TM) for the 2-D antiferromagnet
would be more appropriate if the crystal structure of the
BLH compound were taken into account, but the exper-
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Fig. 8. Temperature dependence of 1/T1T in sample No. 8, which
shows the magnetic order at 6 K. 1/T1T in the MLH compound
is also shown. The fitted function for the MLH-compound data
is shown by the red dashed line. The orange and black dashed
lines are the fitted functions for data of sample No. 8 above TM.
imental data cannot be reproduced by the function of
1/T1T ∝ 1/(T − TM), as shown in Fig. 8. Judging from
the temperature dependence of 1/T1T , the ordered sam-
ple might have the 3-D magnetic correlations just above
TM owing to the magnetic ordering, even if the dominant
fluctuations are of a 2-D nature. Nevertheless, we adopt
the fitting function of(
1
T1T
)
=
(
1
T1T
)
MLH
+
a√
T − θ
to understand the systematic change of the magnetic
fluctuations.
Figure 9 shows the temperature dependence of 1/T1T
in samples No. 5, 7, and 8, together with that in No. 1
and the MLH compounds. Samples No. 5, 7 and 8 have
frequencies higher than 12.3 MHz (observed in sample
No. 1) for the ±5/2 ↔ ±7/2 transition. As shown in
Fig. 9, the systematic change of the temperature depen-
dence of 1/T1T is consistently reproduced by the change
of the ordering temperature θ without changing the co-
efficient of a. It should be noted that θ in sample No.
1 with Tc ∼ 4.7 K is evaluated to be −1 K, which is
very close to the quantum critical point of θ = 0. When
the superconductivity is suppressed by magnetic fields,
1/T1T of the sample with Tc ∼ 4.8 K is found to continue
to increase down to 1.5 K. This verifies the validity of the
fitting function (not shown here). Detailed experimental
results of applying magnetic fields will be summarized in
a separated paper.39
Next, we analyze the temperature dependence of
1/T1T in the superconducting samples using the same
fitting function as above for consistency. Figure 10 shows
the temperature dependence of 1/T1T in superconduct-
ing samples No. 1, No. 3 and No. 11, together with the
MLH samples. The temperature dependences of 1/T1T in
these samples are satisfactorily fitted by the same func-
tion as described for the ordered samples using the pa-
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Fig. 9. Temperature dependence of 1/T1T in the magnetically
ordered samples (No. 5 and 8), together with those in the su-
perconducting samples (No. 1 and 7) and the MLH sample. The
dashed lines are the fitted results, and the fitting parameters in
each sample are shown in the figure (see text).
rameters shown in the figure. We found that the good fit
is obtained with the same θ = −1 K, even if Tc of each
sample is different. It is also noteworthy that the value of
a depends on Tc. This is in contrast to the case of samples
showing magnetic ordering. We found that the proper-
ties of the magnetic fluctuations can be systematically
analyzed by the above fittings and that magnetic fluctu-
ations are enhanced with increasing NQR frequencies. It
is shown that superconductivity occurs and Tc increases
when magnetic fluctuations with the quantum critical
character appear and are enhanced at low temperatures.
A similar conclusion is also suggested by Zheng et al.
from similar analyses of 1/T1T in various superconduct-
ing samples with different Na content.40
We briefly comment on the character of magnetic fluc-
tuations that is suggested by the results of NMR and
NQR experiments. It is suggested that the q-dependence
of magnetic fluctuations has a peak in the small q-vector
region, since 1/T1T at the O site is scaled to that at
the Co site.21, 33 If there were magnetic correlations with
Q = (π, π), the magnetic correlations at the O site would
be filtered out due to the symmetry of the O position. In
addition, from the temperature dependence of the spin
part of the Knight shift, which shows a gradual increase
with decreasing temperature but is not proportional to
the temperature dependence of 1/T1T below 30 K, it
is considered that low-temperature fluctuations develop-
ing below 70 K have incommensurate fluctuations with a
peak at q ∼ 0 other than q = 0.21 In the next section, we
discuss the relationship between the superconductivity
and the magnetic fluctuations in the BLH compounds.
4.3 Relationship between superconductivity and mag-
netic fluctuations
As described in the above section, we show that mag-
netic fluctuations are sample-dependent and seem to be
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Fig. 10. Temperature dependence of 1/T1T in various supercon-
ducting samples (No. 1, 3 and 11) together with that in MLH
sample. Dashed lines are the fitted results. Fitting parameters
for each sample are also shown (see text).
related to the superconductivity. The clarification of the
relationship between the superconductivity and mag-
netic fluctuations is very important for understanding
the mechanism of the superconductivity, because mag-
netic fluctuations are considered to suppress conventional
superconductivity, but to give rise to unconventional su-
perconductivity. As shown in Fig. 10, the higher-Tc sam-
ple has the stronger magnetic fluctuations. It should be
noted that the sample with the stronger magnetic fluc-
tuations shows a sharp decrease of 1/T1T just below Tc.
It is considered that the magnitude of the superconduct-
ing gap, 2∆/kBTc, is larger, and the superconductivity
therefore is stronger, in the sample with stronger mag-
netic fluctuations. In addition, the sample quality is con-
sidered to be nearly equivalent in all BLH samples, on
the basis of the measurement of the FWHM of the NQR
spectrum. We consider that these experimental results
support the idea that the magnetic fluctuations are the
driving force of the superconductivity of the BLH com-
pound. If magnetic fluctuations were unfavorable for su-
perconductivity, the decrease of 1/T1T would be moder-
ate just below Tc and the magnitude of 2∆/kBTc would
be smaller in the sample with the stronger magnetic fluc-
tuations because of the pair breaking effect due to mag-
netic fluctuations. It is also noteworthy that magnetic
fluctuations related to the superconductivity are not ob-
served in the MLH compound or anhydrate Na0.35CoO2,
but observed only in the BLH compounds. The drastic
change in the electronic state is suggested to be caused
by the further intercalation of water from the MLH struc-
ture to the BLH structure. We also found that magnetic
fluctuations in the BLH compounds are very sensitive to
samples. Next, we show the phase diagram in the BLH
compounds using the NQR frequencies, and discuss the
possible scenario of the superconductivity in BLH cobal-
tate.
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Fig. 11. Phase diagram of Nax(H3O)zCoO2 · yH2O, in which Tc
and TM are plotted against νzz. The sample with the highest νzz
shows a magnetic anomaly at 6 K and superconductivity at 3.5
K. The fitted result of θ for sample No. 7 is also shown by the
red open circle.
4.4 Phase diagram of BLH compounds and possible sce-
nario of superconductivity
As shown and discussed above, it was found that the
NQR frequency of the Co site is very sensitive to samples,
and seems to reflect the important change of the Co elec-
tronic state. In the previous paper, we plotted Tc against
the NQR frequencies arising from the ±5/2 ↔ ±7/2
transitions and developed a possible phase diagram for
Nax(H3O)zCoO2 · yH2O.9, 41
Figure 11 shows the new phase diagram prepared us-
ing the experimental data of twelve samples, where the
horizontal axis is νzz. It is found that the superconduct-
ing phase shows the “dome” behavior against νzz, and
that the highest Tc is observed at the point where TM
becomes zero, i.e., at the quantum critical point. The
phase diagram we develop is reminiscent of that for Ce-
based heavy-fermion superconductors, where antiferro-
magnets change to superconductors upon pressure ap-
plication.42, 43 We consider that the superconductivity of
BLH cobaltate is induced by the quantum critical fluctu-
ations, similar to the heavy-fermion superconductivity.42
It is shown that the occurrence of the superconduc-
tivity is highly sensitive to νzz and the c-axis parameter.
We discuss the physical meaning of the horizontal axis of
the phase diagram for the BLH-cobaltate superconduc-
tor. We consider that the change of νzz is mainly due to
the change of Vlat, which is related to the CoO2 block
layer thickness. The crystal distortion along the c axis
splits t2g levels of Co-3d orbitals into doublet e
′
g states
and singlet a1g state. Therefore, νzz is regarded to be
the physical parameter related to the crystal-field split-
ting between a1g and e
′
g. According to a band calcula-
tion, these two different orbitals cross the Fermi energy
and form two kinds of FSs; six hole pockets around the
K points (e′g-FS) and a large hole Fermi surface around
J. Phys. Soc. Jpn. Full Paper Author Name 9
the Γ point (a1g-FS).
12 The existence of the a1g-FS was
confirmed by ARPES experiments, as described in §1.
When e′g levels are raised and reach the Fermi energy
to form e′g-FSs via crystal distortion and further crystal
field splitting, it is considered that holelike e′g-FSs appear
and increase the volume.
The above scenario explains the change of the mag-
netic fluctuations from the anhydrate Na0.35CoO2 and
the MLH compound to the BLH compound. As shown
in Fig. 7, the temperature dependences of 1/T1T in the
anhydrate and MLH compounds are nearly the same, and
are governed by the a1g-FS. The Korringa behavior and
the pseudogap behavior are also suggested theoretically
on the basis of the properties of the magnetic fluctuations
originating from the a1g-FS.
19 The low-temperature be-
havior of 1/T1T in the BLH compounds, which is ex-
pressed as a/
√
T − θ, is considered to be due to the
e′g-FSs. We point out that the magnetic fluctuations in
the BLH compounds are well interpreted in terms of
the multiband properties because two different tempera-
ture dependences are observed in 1/T1T . In addition, we
found that 1/T1T in the samples with lower Tc and lower
νzz shows a weaker temperature dependence, and 1/T1T
in the samples with higher-Tc and higher νzz becomes
enhanced below 70 K. The temperature dependence of
1/T1T indicates that the magnetic fluctuations at around
Tc are enhanced with increasing Tc, as shown in Fig. 10.
We suggest that the development of magnetic fluctua-
tions at around Tc is explained by the change in the vol-
ume of the e′g-FS caused by the small crystal distortions
along the c axis. On the other hand, the samples with
νzz higher than 4.18 MHz (No. 5, 7, and 8) show super-
conductivity at temperatures lower than 4.6 K, although
magnetic fluctuations in these samples are stronger than
those in No. 1 with Tc = 4.7 K, as shown in Fig. 9. In
these samples, it is shown that magnetic ordering occurs
at TM. (Magnetic ordering is expected in No. 7 when su-
perconductivity is suppressed by a magnetic field.) When
magnetic ordering occurs in these samples, the volume of
the FS responsible for superconductivity decreases due
to the opening of the magnetic gap associated with the
magnetic ordering. The suppression of Tc in the higher-
νzz samples is interpreted in this way.
The experimental results we show here seem to be con-
sistently explained by the theoretical scenario developed
by Yanase et al. and Mochizuki et al., in which the mag-
netic fluctuations with a small characteristic wave vector
q are induced by the nesting of the e′g-FSs.
17, 18 Although
ferromagnetic fluctuations with the peak at q = 0 were
excluded from the comparison between χbulk and 1/T1T
in the superconducting compounds, the magnetic fluc-
tuations with q ∼ 0 seem to be consistent with the ex-
perimental results. Detailed inelastic neutron-scattering
measurements are needed to reveal the character of the
magnetic fluctuations in the superconducting samples.
In addition, a detailed ARPES experiment on supercon-
ducting Nax(H3O)zCoO2 ·yH2O is also desired, although
the absence of the e′g-FS has been reported on the anhy-
drate Na0.35CoO2. We suggest, on the basis of the 1/T1T
results shown in Fig. 7, that the FSs on the BLH com-
pounds are quite different from those on the anhydrate
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Fig. 12. Co-NQR spectra in sample No. 8. Upper figure is the
spectrum at 9 K above TM, and the lower figure is that at 1.5 K
below TM.
and MLH compounds.
4.5 Coexistence of magnetism and superconductivity
In samples No. 5 and 8, we observed magnetic order-
ing at TM. Detailed results for sample No. 5 have already
been published in the previous paper.9 Here, we show the
phenomenon of coexisting superconductivity and mag-
netism observed in sample No. 8. As shown in Fig. 5, we
found a prominent peak of 1/T1T in sample No. 8 at 6
K, below which the internal field appears at the Co site.
Figure 12 shows the Co-NQR spectra above and below
TM. Three well-separated peaks above TM become broad
below TM due to the internal field at the Co-nuclear site,
which originates from the Co-3d spins and is mediated
by the hyperfine coupling between Co-3d spin and Co-
nuclear moment. Because the spectrum is structureless
below TM, the magnitude of the internal field is consid-
ered to be distributed.
When the Co nuclear spins with the electric
quadrupole interaction are in the magnetic field, the Zee-
man interaction is added to the total nuclear Hamilto-
nian. The Zeeman interaction is expressed as
HZ = −γn~I ·Hint,
where γn and Hint are the Co nuclear gyromagnetic ratio
and the internal field at the Co nuclear site, respectively.
The structureless broad spectrum is approximately re-
produced using the inhomogeneous internal field at the
Co nuclear site, as shown in the inset of Fig. 13. Here,
the magnitude of the internal field is distributed, suggest-
ing inhomogeneous ordered moments lying in the CoO2
plane.
Below 3.5 K, Meissner shielding was observed. The su-
perconducting transition of sample No. 8 is broader, but
the magnitude of Meissner shielding is comparable to
that in other samples, as shown in Fig. 14. The tem-
perature dependence of 1/T1T measured at 12.69 MHz
did not show the clear anomaly associated with the su-
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Fig. 13. Simulation of NQR spectrum at 1.5 K. The red line is
the calculated NQR spectrum using the inhomogeneous internal
field shown in the inset.
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Fig. 14. The ac-susceptibility measurements on the samples No.
7, 8, and 11 using the in-situ NQR coil. The superconducting
transition on No. 8 is broad, but the Meissner signal of No. 8 is
comparable to that on No. 11, which has a similar Tc.
perconducting transition at 3.5 K. The recovery of the
nuclear magnetization after the saturation pulses is con-
sistently fitted by the single component of T1 at 12.69
MHz. We also measured 1/T1T at various frequencies
around 8.5 MHz, where the internal field is distributed
from zero to 1 kOe, as shown in Fig. 13. The values of
1/T1T at 1.5 K are nearly the same for these frequen-
cies. These experimental results rule out the macroscopic
phase separation between superconducting and magnetic
regions, but suggest microscopic coexistence of supercon-
ductivity and magnetism. However, taking into account
that the static moments are distributed in the magnet-
ically ordered state, we consider that superconductivity
and magnetism coexist in the inhomogeneous magnetic
structure; superconductivity occurs in the smaller mag-
netic moment region and magnetism occurs in the larger
moment region. We point out that such coexistence state
is observed in CeCu2(Si1−xGex)2 with small Ge concen-
tration (0 < x < 0.05).44 We suggest that the inho-
mogeneous coexistence is the characteristics of the com-
pounds whose TM is higher than Tc. To investigate the
relationship between superconductivity and magnetism
in Nax(H3O)zCoO2 · yH2O, further experiments are still
needed. In particular, pressure experiments on sample
No. 8 are considered to be very important.
5. Conclusion
We performed Co-NQRmeasurements on various sam-
ples with different values of Tc and TM. We found that
the nuclear quadrupole frequency νQ strongly depends on
the sample. We show that the asymmetric parameter η is
almost unchanged (η ∼ 0.2) in the samples, and suggests
that the presence of holes in both a1g and e
′
g orbitals is
important in understanding the finite η, although the or-
dering of Na and oxonium ions in the Na-hydrate block
layer should be taken into account. In contrast to the
constant η, the electric field gradient νzz depends on the
samples and has a linear relation with the c-axis parame-
ter. We consider that the sample dependence of νzz orig-
inates mainly from the trigonal distortion of the CoO2
layer, which splits the t2g levels of the Co 3d orbital into
e′g and a1g levels. We also show that the magnetic fluc-
tuations, which develop below 70 K, are one of the char-
acteristic features observed in the BLH compounds, and
that these fluctuations are strongly related to the oc-
currence of superconductivity. We found that the mag-
netic fluctuations are also related to νzz, and suggest that
νzz is one of the most important physical parameters for
characterizing the sample properties of superconducting
and non-superconducting Nax(H3O)zCoO2 · yH2O com-
pounds. We developed a phase diagram using the exper-
imental results of our twelve samples, and showed that
the high-Tc samples are situated near the point where TM
becomes zero. The microscopic coexistence of the super-
conductivity and magnetism is suggested for sample No.
8, which is similar to that in Ce-based superconductors.
We conclude that BLH cobaltate is an unconventional su-
perconductor induced by quantum critical fluctuations,
and that it shares many aspects with Ce-based heavy-
fermion superconductors.
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